Measurements are presented of the gain and phase of a free electron laser (FEL) amplifier in the presence of a second, perturbing electromagnetic wave of different frequency.
Multi-frequency studies can shed much light on the nonlinear dynamics and waveparticle interactions taking place in Free Electron Lasers (FEL). One well known example of such a multi-frequency effect is the appearance of side bands1- 3 in the FEL radiation spectrum. This phenomenon becomes particularly challenging when the radiation propagates in a highly dispersive waveguide (as is the case in our experiments) since now the different frequency waves are associated with a different ponderomotive wells, each of which travels at quite different velocity 4 . FEL amplifiers are usually not beset by side bands, unlike FEL oscillators in which side bands are readily excited 1 3 and are of much concern.
Thus, we can examine multi-frequency phenomena in our amplifier in a controlled way by launching from external sources, two waves: one corresponding to the resonant FEL frequency f and a second, non-resonant perturbing wave of frequency fo. We then measure changes in the FEL gain and phase at frequency f caused by the presence of the wave at the neighboring frequency fo. All of our studies reported here were made in the collective (Raman) regime where space charge effects cannot be neglected. A system of microwave filters placed at the output of the FEL (see Fig. 1 ) insures that none of the high power radiation of frequency fo reaches the crystal detectors assigned to measure the FEL gain and phase at frequency f (the discrimination is better than 65 dB).
In order to determine the growth rate F =(1/P)dP/dz of the wave, the output power P(z) is measured as a function of the length of the interaction region. This is accomplished by means of an axially movable horse-shoe "kicker" magnet that deflects the electron beam into the waveguide wall at any desired position z, thereby terminating the interaction at that point. The measurement is illustrated in Fig. 2a for the case when the perturbing magnetron signal Po at frequency fo is off, and when it is turned on with an input magnitude given by Po = 7.8 kW, and fo = 9.31 GHz. We see that as a result of the perturbing wave, the total FEL gain (P 0 , /Pin drops from 13.6 dB to 7.8 dB. The corresponding small signal growth rate r derived from Fig. 2a falls from 8.4 dB/m to 3.9 dB/m.
In addition to the intensity, we have also measured the RF phase of the electromagnetic wave. This is accomplished by standard interferometric techniques', in which the antenna signal is mixed in a "magic tee" with a reference signal from the TWT launcher. Fig. 2b illustrates the relative phase as a function of z, both with the perturbing magnetron signal off and on. We note that in the collective (Raman) regime of this experiment the maximum phase change of the wave occurs 5 near unity gain (P 0 , /Pi, -1), and it is at this point where all phase measurements shown in Fig. 2b and in subsequent figures were made.
One expects that the changes in the gain and phase are likely to be strong functions of both the perturbing magnetron input power P 0 , and its frequency fo relative to the kW; fo= 9.31 GHz; P(TWT)~7 W; V-160 kV; I=1 A; B 11 =1580 G; B,=100 G.
